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Proteomic
Bactericidal mechanismSlightly acidic electrolysed water (SlAEW) and acidic electrolysed water (AEW) have been demonstrated
to effectively inactivate food-borne pathogens. However, the underlying mechanism of inactivation
remains unknown. Therefore, in this study, a differential proteomic platform was used to investigate
the bactericidal mechanism of SlAEW, AEW, and sodium hypochlorite (NaOCl) solutions against Vibrio
parahaemolyticus. The upregulated proteins after SlAEW, AEW, and NaOCl treatments were identified
as outer membrane proteins K and U. The downregulated proteins after the SlAEW, AEW, and NaOCl
treatments were identified as adenylate kinase, phosphoglycerate kinase, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), and enolase, all of which are responsible for energy metabolism. Protein
synthesis-associated proteins were downregulated and identified as elongation factor Tu and GAPDH.
The inhibitory effects of SlAEW and AEW solutions against V. parahaemolyticus may be attributed to
the changes in cell membrane permeability, protein synthesis activity, and adenosine triphosphate
(ATP) biosynthesis pathways such as glycolysis and ATP replenishment.
 2015 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Illnesses caused by food-borne pathogens are ubiquitous
worldwide and have become an increasingly critical public health
concern. A study estimated that each year in the United States,
approximately 31 pathogens cause 37.2 million illnesses; of these,
9.4 million are food-borne (Scallan et al., 2011).
Vibrio parahaemolyticus is a common food-borne pathogen
widely distributed in marine environments. In Asian countries,
such as China, Japan, South Korea, and Taiwan, this pathogen has
been frequently reported to cause gastrointestinal illness following
the consumption of raw or improperly cooked fish and shellfish (Su
& Liu, 2007; Wang, Zhang, et al., 2014; Wang, Sun, et al., 2014). In
Taiwan, V. parahaemolyticus is the most prevalent food-borne
pathogen, accounting for more than 50% of the annual bacterial
food-poisoning outbreaks.
Hypochlorous acid (HOCl), chlorine dioxide, sodium hypochlo-
rite, and acidified sodium chlorite solutions have been evaluated
for their effectiveness in controlling bacterial growth in food indus-
tries (Cao, Zhu, Shi, Wang, & Li, 2009; Fabrizio & Cutter, 2005;Huang, Hung, Hsu, Huang, & Hwang, 2008; Kim, Huang, Marshall,
& Wei, 1999; López-Gálvez, Allende, Selma, & Gil, 2009). These
chemical cleaning agents are the only legally permitted food
detergents used directly in contact with food surfaces in the food
industry in Taiwan. After contact with these agents, food surfaces
should be cleaned using sufficient amounts of distilled water; the
regulatory limit of residual available chlorine concentration
(ACC) is 1 ppm (TFDA, 2014).
Acidic electrolysed water (AEW) is collected from the anode
side when salt-containing water is electrolysed through a dia-
phragm. AEW, which has a high positive oxidation–reduction
potential (ORP) and high concentrations of dissolved chlorine and
oxygen, functions as a bactericide and is used for sanitising medi-
cal equipment, food, and agricultural fields (Huang et al., 2006;
Pangloli & Hung, 2013; Wang, Zhang, et al., 2014; Wang, Sun,
et al., 2014). Slightly acidic electrolysed water (SlAEW) is gener-
ated by the electrolysis of dilute food-grade hydrochloric acid or
NaCl solution by using an electrolytic cell without a membrane.
SlAEW has gained increasing attention among chlorine-based dis-
infecting agents. SlAEW may exhibit bactericidal activity equiva-
lent to or higher than that of NaOCl solution (Forghani, Park, &
Oh, 2015; Issa-Zacharia, Kamitani, Tiisekwa, Morita, & Iwasaki,
2010; Koide, Shitanda, & Cao, 2011; Rahman, Ding, & Oh, 2010).
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corrosive effects on food preparation appliances and causes less
irritation to hands.
Proteomics has emerged as a high-throughput technique for
separating complex protein mixtures in the post-genomic era.
Matrix-assisted laser desorption ionisation-quadrupole-time-of-
flight (MALDI-Q-TOF) and liquid chromatography tandem mass
spectrometry (LC–MS/MS) are still the most powerful tandem-MS
platforms for high-throughput protein identification (Aebersold &
Mann, 2003; Henzel et al., 1993; Yates, 1996). For organisms with
completely sequenced and annotated whole genomes, such as
those of V. parahaemolyticus, proteomic analysis is more efficient
and reliable.
The present study evaluated the bactericidal activity of SlAEW,
AEW, and sodium hypochlorite (NaOCl) solutions against
V. parahaemolyticus, under identical ACC, treatment times, and
temperatures. Furthermore, in this study, SDS–PAGE and two-
dimensional electrophoresis (2-DE) coupled with tandem mass
spectrometry (MALDI-Q-TOF and LC–MS/MS) were performed to
examine the inhibitory effects of the aforementioned solutions
on the V. parahaemolyticus proteome.2. Materials and methods
2.1. Bacterial culture
The seafood-borne pathogenic bacterial strain used in this study
was V. parahaemolyticus BCRC 10806, obtained from Bioresource
Collection and Research Center (BCRC, Food Industry Research
and Development Institute, Hsinchu, Taiwan). The strain was aero-
bically precultured on thiosulfate-citrate-bile salt-sucrose agar
(Difco Lab, Becton-Dickinson Diagnostic Systems, Sparks, NJ) at
37 C for 24 h. The strain was transferred to a tryptic soy broth
with 3% NaCl by loop inoculation at two successive 6-h intervals
before further use. The bacterial growth curve was obtained as
follows. In brief, the precultured V. parahaemolyticus cells were
cultured in 9.9 mL of tryptic soy broth (TSB) with 3% NaCl for 0,
2, 4, 6, 8, 12, 16, 20, and 24 h at 37 C. Bacterial cell viability
was determined by performing serial dilutions, using a pour plate
technique, and measuring absorbance at 595 nm.
2.2. Preparation of acidic electrolysed water
AEW was generated using a ROX-20TA EO water generator
(Hoshizaki Electric Co., Ltd., Toyoake, Aichi, Japan). Deionised
water and 12% NaCl solution at room temperature were continu-
ously supplied and pumped into the generator. The generator
was operated at 10 V and 16 A and at a flow rate of approximately
2000 mL/min; the generated AEW contained 80 ppm available
chlorine. SlAEW was purchased from HSP (HSP Co., Ltd., Okayama,
Japan). In brief, SlAEW was generated by electrolysing food-grade
HCl, NaOCl, and tap water. The generated SlAEW had pH 5.5 and
80 ppm available chlorine. NaOCl solution was prepared by
diluting 10% NaOCl by using distilled water to obtain a final
NaOCl solution containing approximately 80 mg/L of available
chlorine. Sterilised PBS solution was used as a control for both
SDS–PAGE and 2-DE, and distilled water was used as a control
for SDS–PAGE.
2.3. Determination of pH, ORP, and ACC
The pH, ORP, and ACC of the treatment solutions were measured
in triplicate immediately after preparation and before the bacterici-
dal experiments. The pH values were measured using a pH metre
(Suntex sp-701; Suntex Instruments Co., Ltd., Taiwan). The ORPswere measured using an ORP metre (AZOO Instruments Co., Ltd.,
Taiwan). The free chorine concentration was measured using a
Hach pocket colorimeter analysis system (Hach Co., Loveland,
CO). In brief, a sample was diluted to 0–2 mg/L of free chlorine with
distilled water; a clean sample cell was filled to the 10 mL mark
with the diluted sample. A DPD-free chlorine powder pillow was
added to the sample cell. The sample cell was capped and shaken
for 20 s. Subsequently, the sample cell containing the diluted sam-
ple was placed into the cell holder and covered with the instrument
cap. The display on the analysis system showed ACC in mg/L.
2.4. Treatment of pure culture of V. parahaemolyticus
The V. parahaemolyticus was enriched in tryptic soy broth with
3% NaCl at 37 C for 18–24 h. The enriched cultures were cen-
trifuged for 15 min (1500g; Fresco 17; Thermo Scientific, Waltham,
MA). Pelleted cells were re-suspended in phosphate-buffered
saline (PBS) to produce approximately 8–9 log CFU/mL (Xie, Sun,
Pan, & Zhao, 2012a). One millilitre each of bacterial culture was
added to 9 mL of AEW, SlAEW, and NaOCl solutions. Sterile PBS
was used as a control. The resulting suspensions were shaken for
180 s at room temperature. Subsequently, 10 mL of 0.5% Na2S2O3
were added to stop the reaction. Cell viability was determined by
performing serial dilutions and a pour plate technique on tryptic
soy agar for 24 h at 37 C.
2.5. Whole protein extraction
Eight millilitres of the enriched cultures of V. parahaemolyticus
were inoculated in 792 mL of TSB with 3% NaCl at 37 C until
the cultures reached an OD595 of 0.5 to 0.6, approximately
8–9 log CFU/mL. The bacterial cultures were centrifuged and
re-suspended in PBS then treated with 10-fold volumes of AEW,
SlAEW, NaOCl, and PBS solutions. The resulting suspensions were
shaken for 180 s at room temperature. Next, 100 mL of 0.5%
Na2S2O3 were added to stop the reaction. After centrifugation,
the treated bacterial pellets were resuspended in a lysis buffer
(8 M urea, 4% CHAPS and 65 mM DTT) for ultrasonication
(Sonicator W-380; Heat Systems Ultrasonics, Farmingdale, NY) at
20 kHz and 145 W for 2 min by intermittent sonic oscillation in
an ice bath. Subsequently, 0.1 mm glass beads were added to the
suspensions, and cells were lysed twice by using a cell homogeni-
ser (FastPrep-24; MP Biomedicals, LLC, Santa Ana, CA) for 30 s in an
ice bath. After centrifugation, the supernatants were collected as
whole protein extracts and stored at 80 C for further use. The
whole protein extracts were concentrated and desalted using
Amicon Ultra-0.5 centrifugal filters (Millipore, Billerica, MA)
according to manufacturer instructions. The protein concentration
in the extracts was determined using the Bradford method, and
BSA was used as a standard.
2.6. SDS–PAGE and two-dimensional electrophoresis
A 12% separating gel and a 4% stacking gel were prepared for
SDS–PAGE, followed by Coomassie Brilliant Blue R-250 staining.
The gels were captured by an image analyzer (E-Box VX2 coupled
with E-Capt software, Heidelberg, Germany) for protein bands
quantitation. For two-dimensional electrophoresis, the desalted
protein samples were resuspended in a lysis buffer at 350 lL
(100 lg of protein) and applied onto IPG strips (18 cm, pH 4–7
Nonlinear IPG strip) (GE Healthcare Life Sciences, Pittsburgh, PA).
After rehydration, isoelectric focusing was conducted at 10,000 V
for 60,000 V h. The equilibrated strips were then transferred onto
a 10% SDS polyacrylamide slab gel (18 cm  18 cm), and the
separated proteins were then visualised using SYPRO Ruby dye
(Bio-Rad, Hercules, CA). The 2-DE gels were scanned using the
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burgh, PA), and image data were analysed using ImageMaster 2D
Platinum 7.0 Software Package (GE Healthcare Life Sciences)
(Chen et al., 2009).
2.7. Mass spectrometric analysis
2.7.1. In-gel digestion
In-gel digestion was performed as described in our previous
study (Chen et al., 2009). In brief, the gel pieces were washed
and rehydrated with trypsin (Promega, Madison, WI) at 37 C for
at least 16 h. The extracted peptides were finally eluted with
5 lL of 75% acetonitrile:0.1% formic acid (FA).
2.7.2. MALDI-Q-TOF analysis
The trypsinised samples were premixed with a matrix solution
(5 mg/mL of a-cyano-4-hydroxycinnamic acid in 50% acetonitrile,
0.1% v/v trifluoroacetic acid, and 2% w/v ammonium citrate) in a
ratio of 1:1 (v/v) and spotted onto the 96 well MALDI sample stage.
The samples were analysed using the Q-TOF UltimaTM MALDI
instrument (MALDITM; Micromass, Manchester, UK), as described
previously (Chen et al., 2009). The Mascot search engine (http://
www.matrixscience.com) was used for MS/MS ion search by using
the Q-TOF hybrid quadrupole/orthogonal acceleration TOF spec-
trometer (MALDITM, Micromass, Manchester, UK). By using the
Mascot search engine, the product ion spectra generated by
Q-TOF MS/MS were searched against NCBI nr and SwissPROT
databases to find exact matches.
2.7.3. Liquid chromatography tandem mass spectrometry
Peptide mixtures were analysed using online nanoflow (LC–MS/
MS) on a Waters Synapt G2 HDMS system (Waters, Milford, MA).
The peptide mixtures were loaded onto a C18 BEH column (ID,
75 lm; length, 25 cm; Waters) packed with 1.7 lm particles with
a pore size of 130 Å, and were separated using a segmented gradi-
ent in 30 min from 5% to 40% solvent B (acetonitrile with 0.1% FA)
at a flow rate of 300 mL/min and a column temperature of 35 C.
Solvent Awas 0.1% FA in water. The effluent from the HPLC column
was directly electrosprayed into the mass spectrometer. The mass
spectrometer was operated in positive ion mode, and data-directed
analysis method (m/z 350–1600, 1 s/scan) was employed. In each
cycle, a full-scan spectrum was acquired with resolution
R = 10,000, followed by collision-induced dissociation on the three
most intense ions with a target value of m/z 100–2000, 1 s/scan.
2.8. Mascot search and protein network construction
The extracted enzymolysed peptides were identified using pep-
tide mass fingerprinting and an MS/MS ion search algorithm based
on MALDI-Q-TOF and LC–MS/MS; data were analysed using the
Mascot search engine (http://www.matrixscience.com). A Mascot
score with p < 0.05 was considered statistically significant.
Functional interactions among proteins are necessary for
cellular processes. A proteome-scale interaction network of the
differentially expressed proteins that were identified in the present
study was derived using the STRING database. STRING is aTable 1
The concentrations and losses (%) of proteins extracted from V. parahaemolyticus after trea
Treating solution pH ORP (mV)
SlAEWa 5.92 ± 0.02 918 ± 3
AEW 2.46 ± 0.02 1161 ± 2
NaOCl 10.8 ± 0.03 405 ± 4
PBS 7.29 ± 0.03 270 ± 12
a SlAEW, slightly acidic electrolysed water; AEW, acidic electrolysed water; NaOCl
reduction potential; ACC, available chlorine concentration. Values are mean ± S.D. of thrbiological database and web resource dedicated to protein–protein
interactions, including both physical and functional interactions.
This database includes information from published literature as
well as interactions from genome analysis from using several
well-established methods based on domain fusion, phylogenetic
profiling, and gene neighbourhood concepts. The derived
proteome-scale interaction network presents a comprehensive
view of the interactions among various proteins.2.9. Statistics
Data were expressed as the mean ± standard error of the mean.
Statistical analysis for comparison among groups was performed
using ANOVA. Results with p < 0.05 were considered statistically
significant. All statistical tests were performed using SPSS 15.0
for Windows XP (SPSS, Chicago, IL).3. Results and discussion
3.1. Inactivation of V. parahaemolyticus caused by SlAEW, AEW, and
NaOCl treatments
Table 1 shows that the SlAEW and AEW solutions had similar
ORP (918 ± 3 mV and 1161 ± 2 mV, respectively) and ACC
(78.2 ± 2.0 mg/L and 82.7 ± 4.9 mg/L, respectively). However,
SlAEW and AEW had apparently different pH levels of 5.9 and
2.5, respectively. For the NaOCl solution, the pH, ORP, and ACC
were 10.8, 405 mV, and 81 mg/L, respectively. Changes in the pH,
ORP, and ACC for the SlAEW, AEW, NaOCl, and PBS solutions were
almost similar when stored at 25 C for 30 min (Supplementary
Table 1). The sanitisation potencies of SlAEW, AEW, and NaOCl
treatments against V. parahaemolyticuswere similar when the ratio
of V. parahaemolyticus to treatment solutions was 1:9 and the
treatment time was 3 min. No detectable growth of V. para-
haemolyticus cells (initial count = 7.85 log CFU/mL) was observed
after a direct plating procedure that involved using the SlAEW,
AEW, and NaOCl solutions. Treatment with or without PBS solution
caused no considerable difference in the number of surviving
V. parahaemolyticus cells. These results are consistent with those
of previous studies that have reported a suitable treatment time
of 3 min for SlAEW (Forghani et al., 2015; Nan et al., 2010;
Rahman, Park, Wang, & Oh, 2012).
Both AEW and SlAEW have been demonstrated to effectively
inactivate V. parahaemolyticus. For V. parahaemolyticus-inoculated
tilapia fillets, AEW treatment for 5 min resulted in a 1.5 log CFU/
cm2 reduction, and for 10 min, achieving a 2.6 log CFU/cm2 reduc-
tion in bacterial growth (Huang et al., 2006). In addition, AEW
treatment for 4–6 h resulted in a significant reduction in the
growth of V. parahaemolyticus in inoculated oysters at 1.13 log10
most probable number (MPN)/g (Ren & Su, 2006). Moreover,
AEW treatment could disinfect V. parahaemolyticus present on
kitchen cutting boards, and food contact surfaces (Chiu, Duan,
Liu, & Su, 2006). No V. parahaemolyticus cells (initially
7.6 log CFU/mL) were detected when the ACC of SlAEW was more
than 20 mg/L and the treatment time was longer than 15 stments with SlAEW, AEW, NaOCl and PBS solutions.
ACC (mg/L) Concentration (lg/lL) Losses (%)
78.2 ± 2.0 6.84 ± 0.40 31.5 ± 0.04
82.7 ± 4.9 1.18 ± 0.16 88.2 ± 0.02
81 ± 1.5 3.97 ± 0.27 61.3 ± 0.03
0.07 ± 0.02 9.98 ± 0.40
, sodium hypochlorite; PBS, phosphate-buffered saline solution; ORP, oxidation–
ee repeated measurements.
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water pretreatment and mild heat at 50 C considerably enhanced
the bactericidal activity of AEW against V. parahaemolyticus and the
total aerobic bacteria on shrimp (Xie, Sun, Pan, & Zhao, 2012b). A
mathematical model of the inactivation of V. parahaemolyticus on
cooked shrimp by using AEW showed that the effects of the treat-
ment temperature on the response value were greater than those
of the treatment time and using NaCl concentration in electrolysis
(Wang, Zhang, et al., 2014). AEW could markedly decrease the
growth rate and extend the lag time during post-treatment storage
at room temperature, whereas the treatment did not reduce the
maximum growth of V. parahaemolyticus on shrimp (Wang, Sun,
et al., 2014). At refrigeration temperature, AEW could completely
inhibit the proliferation of V. parahaemolyticus (Wang, Sun, et al.,
2014). SlAEW treatment of 70 ppm for 5 min could eliminate
7 log CFU/mL of V. parahaemolyticus pure cultures, and SlAEW
treatment at 50 ppm for 15 min and 10 ppm for 30 min completely
eliminated 4.16 log CFU/g of V. parahaemolyticus in inoculated
shrimp (Ratana-Arporn & Jommark, 2014).3.2. Protein losses and SDS–PAGE patterns of V. parahaemolyticus
caused by SlAEW, AEW, and NaOCl treatments
Protein loss from the bacterial cells was 31.5%, 88.2%, and 61.3%
after SlAEW, AEW, and NaOCl treatments, respectively (Table 1).
This indicated that the bacterial cell wall and membrane were dis-
rupted. That the AEW solution could cause the mostly severe
electrolyte leakage and exhibit sanitisation potency against
bacteria was consistent with previous studies (Hao et al., 2012;
Issa-Zacharia et al., 2010).
We inspected SDS–PAGE profiles of whole proteins and observed
that the number of protein bands for the PBS group was higher than
that for the SlAEW, AEW and NaOCl groups (Fig. 1). NaOCl and AEW
cause fewer and fainter protein bands. NaOCl-treated V. para-
haemolyticus showed the fewest protein bands and AEW-treated
V. parahaemolyticus showed the most smeared protein bands. By
performing SDS–PAGE, a previous study demonstrated that the pro-
tein bands of Escherichia coli JM109 almost disappeared after treat-
ment with AEW for 5 min (Zinkevich, Beech, Tapper, & Bogdarina,
2000). Similarly, Pseudomonas aeruginosa and E. coli cells were
treated with a 10-fold dilution of AEW and observed that the
protein bands nearly disappeared (Cloete, Thantsha, Maluleke, &
Kirkpatrick, 2009). However, a 100-fold dilution of AEW increased
the number of protein bands of both bacteria on SDS–PAGE gels.
Another study used SDS–PAGE to examine the treatment time ofAEW   NaOCl  ddH2O  SlAEW   PBS     M 
 
Fig. 1. 12% SDS–PAGE patterns of whole proteins extracted from V. parahaemolyti-
cus after treatments with SlAEW, AEW, NaOCl and PBS solutions. Samples in lanes
are as follows: (1) AEW; (2) NaOCl; (3) ddH2O; (4) SlAEW; (5) PBS; (M) protein
marker.AEW treatment to E. coli and Staphylococcus aureus, demonstrating
that the protein bands became faint and even disappearedwhen the
treatment time was increased. It was assumed that AEW might
have destroyed covalent bonds (Zinkevich et al., 2000), caused
protein fragmentation, or induced an oxidative stress response in
bacterial cells (Mokudai, Kanno, & Niwano, 2015; Zinkevich et al.,
2000). In this study, we treated V. parahaemolyticus with AEW,
SlAEW, and NaOCl solutions for 3 min and observed fewer and
fainter protein bands (Fig. 1).
Electron microscopy showed that AEW caused the cell wall to
shrink with round pores through which the cytoplasmic structures
were flushed out (Osafune, Ehara, & Ito, 2006). The morphological
structure of E. coli O157:H7 cells was markedly damaged, and the
cytoplasmic cellular materials were distinctly separated from the
cell membrane after AEW treatment with an ACC of 30 mg/L
(Nan et al., 2010). However, S. aureus cells are more tolerant to
AEW treatment than E. coli O157:H7 cells. A study using AEW ice
to retain shrimp freshness demonstrated that AEW ice had no
adverse effects on sarcoplasmic proteins but had inhibitory effects
on cathepsin B and polyphenol oxidase (Wang, Wang, Sun, Pan, &
Zhao, 2015).
However, regarding the protein bands on the SDS–PAGE gels,
we observed that the expression level of some proteins increased
after AEW, SlAEW, and NaOCl treatments. The expression level of
the protein weighing approximately 38 kDa increased by roughly
1.35, 2.25, and 2.71-fold in the SlAEW, AEW, and NaOCl groups,
respectively, compared with that of the same protein in the PBS
group (Supplementary Table 2). Moreover, the molecular weight
of the aforementioned protein of V. parahaemolyticus appeared to
increase slightly by approximately 0.4–1.1 kDa after SlAEW,
AEW, and NaOCl treatments (Fig. 1 and Supplementary Table 2).
The molecular weight of the approximate 38-kDa protein was
almost unchanged after treatment with PBS and dd water. The
molecular weights of rat collagen (Westman, Lundberg, &
Erlandsson, 2006), and serum albumin (Westman & Erlandsson,
2004) slightly increased after HOCl treatment, but these proteins
formed smear-like bands on the SDS–PAGE gels. Thus, the chlorina-
tion of a protein may cause its unfolding and fragmentation.
3.3. Changes in 2-DE patterns of V. parahaemolyticus proteins caused
by SlAEW, AEW, and NaOCl treatments
We inspected 2-DE profiles of whole proteins and observed the
whole protein appeared in the region of pH 4.3–5.7 and a
molecular weight of 25–95 kDa (Fig. 2). The protein levels of V.
parahaemolyticus were apparently reduced after SlAEW, AEW,
and NaOCl treatments. The threshold for significant fold changes
was set at 3.0, and the PBS group was the control group. The spots
for upregulated proteins after SlAEW, AEW, and NaOCl treatments
were denoted as none, Au1, and Nu1–4, respectively (Fig. 3). The
spots for downregulated proteins after SlAEW, AEW, and NaOCl
treatments were denoted as Sd1–9, Ad1–7, and Nd1–3, respec-
tively (Fig. 3). A predominant protein spot was denoted as P1,
although the threshold of fold changes of upregulation was below
3.0. The protein P1 was assumed to be the approximate 38-kDa
protein, which appeared on the SDS–PAGE gel because of the
increase in the molecular weight, expression level, and upregula-
tion of the protein (Figs. 1 and 2). The protein P1, which was the
most abundant protein of V. parahaemolyticus, has been mentioned
in previous studies (Xu, Ren, Wang, & Peng, 2004).
3.4. Identification of significantly upregulated proteins using tandem
mass spectrometry
The significantly upregulated protein of V. parahaemolyticus
after treatment with NaOCl (Nu1) was identified as outer mem-
PBS NaOCl
pH4 pH7 pH4 pH7
45
35
25
18.4 
66.2 
116  
kDa
AEW SlAEW
pH4 pH7  pH4 pH7
116  
66.2
45
35
25
18.4
kDa
Fig. 2. The representative two-dimensional electrophoresis (2-DE) pattern of whole proteins from V. parahaemolyticus after treatments with PBS, NaOCl, AEW and SlAEW. The
2-DE pattern was first separated by pH 4–7 immobilised pH gradient dry strip, followed by 10% separating polyacrylamide gel.
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tion). The other upregulated protein of V. parahaemolyticus in
SlAEW, AEW, and NaOCl groups (P1) was identified as outer mem-
brane protein U (OmpU) (Table 2, Supplementary information).
The significantly downregulated proteins were identified as
glyceraldehyde-3-phosphate dehydrogenase A (GAPDH), phospho-
glycerate kinase (PGK), adenylate kinase (ADK), and enolase (ENO)
(Table 2, Supplementary information). The significantly downregu-
lated protein of V. parahaemolyticus after treatment with SlAEW
was identified as elongation factor Tu (EF-Tu) (Table 2, Supplemen-
tary information).
Approximately 20–30% of all bacterial genes encode inner or
outer membrane proteins. The cell envelope of Gram-negative bac-
teria is the cytoplasmic membrane, followed by the periplasm and
peptidoglycan, which is linked to the outer membrane through
lipoproteins. The outer membrane contains porins and other pro-
teins, lipopolysaccharides, and phospholipids. The proteins per-
form essential physiological functions, including metabolite
exchange, metal ion homeostasis, toxic substance or antibiotic
removal, and energy generation or conversion (Poetsch &
Wolters, 2008). The most prominently upregulated protein of V.
parahaemolyticus after AEW, SlAEW, and NaOCl treatments was
OmpU, a transmembrane ion channel responsible for regulating
cell osmotic pressure. In addition, OmpU is a starvation stress-
induced biomarker protein in V. parahaemolyticus cells under star-
vation stress (Abdallah et al., 2010). When bacterial cells are
exposed to a high ORP or an intolerable pH level, the bacterial cell
membrane becomes damaged because of an imbalance in osmoticpressure. When an eel is infected by Vibrio spp., the bile salts in the
intestine of the eel kill the bacteria. However, the bile salts induce
the upregulation of OmpU, which protects the bacteria from the
bile salts, thus leading to vibriosis in the eel (Wang, Lauritz, Jass,
& Milton, 2003). OmpU in Vibrio anguillarum showed a similar pro-
tective function against bile salt-induced bacterial death (Wang
et al., 2003). Besides, OmpU in Vibrio cholerae could protect the
bacteria from antimicrobial peptides such as polymyxin (Mathur
& Waldor, 2004). In the current study, the upregulation of OmpU
after AEW, SlAEW, and NaOCl treatments implied that V. para-
haemolyticus cells synthesised more OmpU to protect them from
cell membrane leakage, sustained osmotic pressure, and perhaps
oxidative stress.
In this study, OmpK was upregulated after treatment with
NaOCl. This protein is the receptor of the vibriophage KVP40. Intro-
ducing recombinant OmpK, either in the form of an injection or
microcapsules, into grouper (Epinephelus coioides) and bass (Lateo-
labrax japonicus) could decrease vibriosis-related deaths in these
fish (Li et al., 2010; Mao, He, Qiu, & Chen, 2011). OmpK is consid-
ered an effective protective antigen against V. anguillarum and a
potential protein target for developing an oral vaccine for use in
aquaculture. In this study, the upregulation of OmpK suggested
that this protein may protect V. parahaemolyticus from NaOCl-
induced oxidative stress.
The downregulated proteins of V. parahaemolyticus after AEW,
SlAEW, and NaOCl treatments were identified as ADK, PGK,
GAPDH, and ENO, responsible for energy metabolism. ADK is a
phosphotransferase and catalyses the interconversion of adenine
(A)                                    (B)
Fig. 3. The close-up views of 2-DE pattern of V. parahaemolyticus after treatments with (A) PBS control groups and (B) SlAEW, AEW and NaOCl groups (from top to bottom).
Table 2
Protein identification of V. parahaemolyticus after treatments with SlAEW, AEW and NaOCl by MALDI-Q-TOF and LC/MS/MS mass spectrometry.
Spot ID Protein name Accession
number
Scorea SC
(%)
Peptide sequences Production difference (fold)
NaOCl/
Con
Con/
SlAEW
Con/
AEW
Con/
NaOCl
Nu1 Outer membrane protein K P51002 167 8 NIYGIK 6.86 – – –
FAVGYGLK
MSLDAVTGK
Sd1/Ad3/
Nd2
Glyceraldehyde-3-phosphate
dehydrogenase A
B7LQ20 321 16 VVLTGPSK – 5.75 6.13 4.95
LTGMAFR
VGINGFGR
KVVLTGPSK
VTAERDPANLK
GASQNIIPSSTGAAK
GGRGASQNIIPSSTGAAK
Sd3/Ad2/
Nd3
Phosphoglycerate kinase Q87LL1 186 11 DYLDGLELNAGELVVLENVR – 5.20 6.66 4.55
IADQLVVGGGIANTFIAAAGHNVGK
Sd4/Ad1/
Nd1
Adenylate kinase B1YGX1 75 13 GTQAAKIIEDYAIPHISTGDMFRAAIK – 4.95 16.75 9.14
Sd6 Elongation factor Tu Q877T5 467 19 VYGGEAL – 3.93 – –
Sd9/Ad5 Enolase Q87LQ0 257 11 DFASIDNAPEER – 3.40 3.65 –
DTTTTTCTGVEMFR
KLLDEGR
AGENVGALLR
FESEVYVLSK
HTPFFK
TVGAGVVAK
P1 Outer membrane protein U Q87LZ1 200 9 SDNMMSYK 1.12 1.08 1.26
ADAEDELALGLR
LSMKDGDAQDNSR
a Score, total MS/MS scores were generated by MASCOT. SC, sequence coverage.
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Fig. 4. The protein–protein interaction network, simulated by String algorithm, a functional protein association networks program, version: 9.1. Protein symbols stand for:
adenylate kinase (ADK); elongation factor Tu (EF-Tu); enolase (ENO); fructose-bisphosphate aldolase (VP2599); glyceraldehyde-3-phosphate dehydrogenase (gapA, GAPDH);
outer membrane proteins K and U (OmpK and OmpU); phosphoglycerate kinase (PGK); pyruvate kinase (VP0356); 30S ribosomal protein S7 and S10 (rpsG and rpsJ);
triosephosphate isomerase (tpiA).
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which exchanges ADP between ATP and AMP. ADK plays a major
role in maintaining the cellular energy level. GAPDH catalyses
the sixth step of glycolysis and uses glyceraldehyde-3-phosphate
as a substrate to produce 1,3-bisphosphoglycerate. PGK catalyses
the seventh step of glycolysis and transfers a phosphate group
from 1,3 bisphosphoglycerate onto ADP to form 3-
phosphoglycerate and ATP. ENO, or phosphopyruvate hydratase,
catalyses the ninth step of glycolysis and produces phospho-
enolpyruvate from 2-phosphoglycerate. When the proteins
responsible for intermediate metabolism were downregulated,
ATP synthesis and energy production were reduced. Hence, V. para-
haemolyticus could not synthesise or produce sufficient energy for
survival after AEW, SlAEW, and NaOCl treatments.
The downregulated proteins GAPDH and EF-Tu were responsi-
ble for protein synthesis. GAPDH initiates transcription, and EF-
Tu participates in polypeptide elongation processes. In this study,
both GAPDH and EF-Tu were downregulated, suggesting that de
novo synthesis of proteins was reduced.
Among the group of bacterial cells treated with AEW, SlAEW,
and NaOCl solutions, EF-Tu was identified only in the group treated
with SlAEW solution. EF-Tu is responsible for polypeptide elonga-
tion, and downregulation of EF-Tu suggesting that SlAEW inhibited
protein synthesis activity. ADK and ENO were significantly moredownregulated when treated with AEW than with SlAEW and
NaOCl solutions. These results suggest that AEW demonstrated a
higher ability to inhibit ATP synthesis than NaOCl did.
Many studies have reported that pH, ORP, and ACC are the main
bactericidal factors for SlAEW, AEW, and NaOCl solutions. A low pH
of AEWmight sensitise the bacterial outer membrane and facilitate
the penetration of HOCl. The high ORP of SlAEW and AEW might
alter metabolic fluxes and ATP production, could damage the redox
state of GSSG/2GSH, and penetrate the outer and inner membranes
(Kim, Hung, & Brachett, 2000; Liao, Chen, & Xiao, 2007). ACC,
including HOCl, hypochlorite ion (OCl), and chlorine (Cl2), was
possibly the main factor responsible for the bactericidal potency
of SlAEW, AEW, and NaOCl solutions (Hao et al., 2012; Huang
et al., 2008). The proposed action of chlorine was the disruption
of protein synthesis and the oxidative decarboxylation of amino
acids to nitrites and aldehydes as well as the oxidative chlorination
of sulfhydryl groups of certain enzymes (Barrette, Hannum,
Wheeler, & Hurst, 1989; Hurst, Barrette, Michel, & Rosen, 1991).
HOCl immediately induced oxidative protein unfolding and caused
irreversible protein aggregation; both effects contributed to its
high bactericidal efficacy. HOCl induced the activation of Hsp33
to prevent essential proteins from aggregating and to protect
E. coli and V. cholerae cells against HOCl-induced death (Winter,
Ilbert, Graf, Ozcelik, & Jakob, 2008). Moreover, Hsp33’s chaperone
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protein (EF-Tu) takes place, is sufficient to protect against HOCl-
mediated oxidative degradation of V. cholerae (Wholey & Jakob,
2012). The oxidative stress transcription factor YjiE specifically
confers HOCl resistance by triggering a specific stress response
(Gebendorfer et al., 2012). YjiE, or HypT, is specifically activated
by the oxidation of methionine to methionine sulfoxide (Drazic
et al., 2013).
3.5. Constructed protein–protein interaction networks
The protein–protein interaction network was constructed using
the STRING algorithm, Version 9.1, a functional protein-association
network program. Nodes in the network represent proteins and
lines with different thicknesses between the nodes represent dif-
ferent protein–protein interaction modes. The three triangular
interactions were linked by the core component protein ADK
(Fig. 4). Most of the proteins were clustered into major signal path-
ways, those of glycolysis and energy metabolism, as well as protein
synthesis processes.
In conclusion, we demonstrated that a proteomic technique was
feasible for investigating the bacterial inactivation mechanisms of
SlAEW, AEW, and NaOCl solutions. The inhibitory effects of these
solutions against V. parahaemolyticus may be related to cell mem-
brane integrity, protein synthesis activity, and ATP biosynthesis
pathways.
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